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Abstract 
The aim of the research outlined in this paper was to determine the feasibility of using a network of wireless inertial 
measurement units (IMUs) to determine velocity-time and power-time relationships in weight training. Inertial 
navigation system (INS) algorithms have been implemented to account for rotation during a lift.  A wireless IMU has 
been developed by Loughborough University that allows multiple IMUs to be networked using an adapted SimpliciTI 
protocol. An Olympic barbell has been modified to allow non-invasive attachment of an IMU whilst ensuring bar 
rotation is captured. Velocity (in the inertial frame) has been determined through integration of accelerometer / 
gyroscope data allowing calculation of true force and power. Three-dimensional force and 2.5 dimensional video data 
were simultaneously captured to provide validation for the IMU-determined force and power calculations.  
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
It is well accepted that resistance training has many benefits including an increase in muscular 
strength, power and endurance [1, 2]. Resistance training is a term broadly used to describe work 
performed against an external resistance, e.g. free weights or resistance machines. Whilst resistance 
machines are generally safer for an inexperienced user, it has been shown that training with free weights 
can better develop inter and intra-muscular co-ordination and can increase muscle activity [3, 4].  
Parameters used in research to investigate performance in resistance training include peak force, rate of 
force development, peak velocity, peak power and acceleration [5-7]. Whilst these have been shown to be 
appropriate measures of performance, it has been suggested that analysis of the complete time series can  
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give further insight into specific changes in performance [8]. Power is important to athletes performing 
explosive exercises such as sprinting or rapid changes in direction [6]. There has been a significant 
amount of research investigating the relationship between force and velocity and, in particular, 
investigating the load at which maximum power can be generated [6, 8].  Acceleration has been used to 
indicate fatigue [9] and to measure force and power [10]. 
Force platforms have been used to determine vertical jump height [11] and performance characteristics 
in various weight lifting exercises [6-8, 10]. These methods determine parameters with respect to the 
system centre of mass, however they are unable to distinguish between the movement of the bar and the 
movement of the athlete [7]. Linear Position Transducers (LPTs) have been used to determine power 
output of the bar [7]. This method does not consider movement of the subject with respect to the bar and 
therefore may neglect key parameters in the lift. Furthermore, a single LPT is unable to distinguish 
between horizontal and vertical displacement, introducing more uncertainties. It has been shown that 
using two LPTs can account for horizontal trajectory therefore reducing this uncertainty [7]. Due to their 
respective limitations, it has been speculated that a combination of kinetic and kinematic data collection 
may be the most appropriate means of determining power output [7]. Accelerometers have been shown to 
provide a valid estimate of power output [10, 12]. Crewther et al. [10] have shown that peak force and 
peak power determined from the commercially available MYOTest were moderately to strongly 
correlated (P  0.05-0.001, r = 0.66-0.97) with values determined from a force platform for a squat. 
Thomson and Bemben [12] have shown average power determined from a single axis accelerometer to be 
significantly correlated (r = 0.95) to average power determined from video data for a bench press. In this 
study the exercise was performed on a Smith machine, which restricts motion to a single plane. Errors can 
be introduced into the system if there is significant rotation of the sensor throughout the exercise, as the 
accelerometer is only capable of measuring movement with respect to its local axes [13]. This can be 
overcome if the orientation of the sensor is known throughout the range of motion, which can be 
measured using a gyroscope.  Accelerometers and gyroscopes used in combination to measure 3-axes of 
movement are known as inertial measurement units (IMU) [13].   Algorithms used to project the local 
accelerations onto a global frame are known as Inertial Navigation Systems (INS). The use of an INS to 
quantify sporting performance has been explored in other domains, such as skiing [14]; however, the use 
of an INS in weight lifting is an area that has not yet been explored. Research presented in this paper aims 
to investigate the feasibility of using a wireless sensor node (WSN), developed at Loughborough 
University, to determine velocity-time and power-time curves during weight-lifting. The WSN measures 
acceleration and angular velocity in three orthogonal axes and transmits wirelessly to an access point that 
is connected to a personal computer. Several WSNs are networked using a star topology, which allows 
multiple athletes or multiple segments to be monitored synchronously.  
2. Methodology 
An elite male basketball player with more than 2 years experience of weight training was asked to 
perform a total of 12 repetitions (reps) consisting of; 3 sets of 1 rep of an un-weighted Countermovement 
Jump (CMJ) and 3 sets of 1 rep of a Hang Power Clean (HPC) at 40Kg, 50Kg and 60Kg. The athlete was 
required to perform each rep whilst stood on two force platforms, i.e. one under each foot. The athlete 
was asked to remain still for 1s at the start and end of each rep to ensure boundary conditions were kept 
the same. The experimental set-up used for preliminary testing is shown in Fig. 1. 
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Fig. 1. Experimental set-up; Athlete performed exercises whilst standing on two Kistler 9281CA force platforms recording at 
800Hz. Video data was captured at 50 Hz in sagittal plane. WSN was attached to the waist and transmitted wirelessly to a remote 
access point, which was connected to a PC 
2.1. Data Collection 
Two Kistler force plates (type 9281CA) [15] were used to record ground reaction force in 3 axes at 
800Hz sampling rate. Video data recorded 2D movement in the sagittal plane using a Photron Fastcam 
SA1 high-speed camera [16] sampling at 50Hz. A WSN was attached to the athlete’s torso to provide an 
approximation of the movement of centre of mass.  The WSN collected data at 50Hz and transmitted 
wirelessly to a PC via an access point.  
2.2. Data Manipulation 
Force Plate (FP) data were manipulated using the impulse-momentum relationship (1) and (2) to obtain 
velocity. Power was then calculated by multiplying the velocity and the force using the system mass.  
 
ܨ ൌ ܸܩܴܨ െ ሺ݉௔௧௛௟௘௧௘ ൅ ݉௟௜௙௧௘ௗሻ כ ݃                (1) 
ܨሺݐሻ ൌ ሺ݉௔௧௛௟௘௧௘ ൅ ݉௟௜௙௧௘ௗሻሺݒଵ െ ݒଶሻ              (2) 
 
Video data were initially processed using Image Pro Plus V6.2 to track manually the position of the 
WSN on the torso (VT) and the position of the bar (VB). An algorithm, developed in Matlab R2011a, was 
then used to differentiate position to obtain velocity. A low pass Butterworth filter [17] was used to filter 
velocity before differentiating to obtain acceleration.  The acceleration of the torso was multiplied by the 
system mass to obtain athlete force, whilst the acceleration of the bar was multiplied by the lifted mass to 
obtain bar force.  Power was then calculated for each trace by multiplying force and velocity traces.  
WSN data were post processed using modified INS algorithms in Matlab R2011a. During motion, 
three orthogonal gyroscopes were used to measure angular velocity, these were integrated to obtain the 
angle and hence orientation of the sensor at any given time. A time dependent error was introduced 
through cumulative integration of the angular velocity. To reduce this error, individual reps were analysed 
and it was assumed that the athlete and bar were stationary at the start and end of each rep. This allowed 
the WSN orientation to be determined from the accelerometer at the beginning and end of each rep. This 
information was used to provide a corrective factor for the integrated gyroscope trace to reduce error. 
Once the orientation at each point was known the local acceleration of the sensor was filtered using a low 
pass Butterworth filter (5th order, cut off frequency 8Hz). Local accelerations were projected on to a set of 
global co-ordinates by multiplying through a transformation matrix. Global velocities were calculated by 
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Table 1. Mean error for HPC and CMJ 
  VT - WSN VT - FP WSN - FP 
Exercise Measured Variable 
Mean Error 
(%) Std Dev 
Mean Error 
(%) Std Dev 
Mean Error 
(%) Std Dev 
HPC 
PV 2.8 2.71 5.1 4.3 7.5 1.3 
PF 9.5 6.3 2.1 1.64 9.0 3.5 
PP 14.1 7.2 3.9 1.7 15.8 6.4 
TPV 0.28 0.49 0.05 0.053 0.26 0.42 
TPP 0.53 0.47 0.09 0.04 0.53 0.42 
CMJ 
PV 6.1 2.17 28.8 6.2 23.46 6.97 
PF 12.5 3.4 41.2 6.9 32.7 7.4 
PP 12.5 3.4 24.9 2.638 12.4 1.625 
TPV 0.034 0.058 0 0 0.034 0.058 
TPP 1.01 0.90 1.70 0.48 2.58 1.44 
 
To gain a better understanding of where the errors occurred, the complete velocity and power time 
series have been investigated (Fig. 3 (a) and Fig. 3 (b)). The main phases of the HPC are highlighted as; 
 
1. Lowering of the bar 
2. 1st and 2nd pull 
3. Catch 
4. Final leg extension 
 
From Fig. 3 (a) it can be seen that the VT, FP and WSN traces followed a very similar path during 
phase 1 and 2. The WSN trace was 0.097m/s (6.6%) lower than the video trace at peak velocity, however 
force plate and video derived velocities show little difference (0.11%) at this peak. Velocity from video 
data of the bar (VB) was significantly higher (128%) and occurred 0.1s later. During phase 3 and 4 the FP 
trace differed significantly from the VT, VB and WSN. It can be seen that when the FP, VT and WSN 
velocities reach a minimum, the VB is positive. This opposing movement may explain the difference 
between the VT/WSN and FP velocities, since the FP measured the velocity of the centre of mass whilst 
the WSN measured the velocity of the torso. This highlights a need to measure the velocity of the bar and 
potentially other segments, such as the shank and thigh, to more accurately determine the entire time 
series of the system. However, since this deviation occurred after peak velocity, one WSN on the torso 
seems sufficient to predict peak velocity, force and power.  The same trend can be seen in Fig. 3 (b), as 
FP, VT and WSN traces follow a similar path until phase 3 and 4. Power from VB follows the other three 
traces more closely than seen in the velocity trace. This is because the force from VB is the acceleration 
multiplied by the lifted mass (40Kg), rather than the system mass (100Kg+40Kg), resulting in a lower 
force. 
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4. Conclusion 
The aim of this investigation was to explore the feasibility of using a wireless IMU to determine 
performance characteristics in weight lifting. A wireless sensor node (WSN) utilising three orthogonal 
accelerometers and gyroscopes has been used to estimate Peak Velocity, Peak Power and Peak Force for 
hang power clean and countermovement jump exercises. HPC and CMJ were chosen as they represent 
common resistance training exercises with different degrees of complexity. The results show that the 
WSN can be used to estimate PV, TPV and TPP with relatively good accuracy (+/-6%). High standard 
deviation in error in PF (3.4%-6.3%) and PP (3.4%-7.2%) gives less confidence in these variables. Error 
in acceleration may be due in part to manual video processing; at peak velocities the video was blurred 
leading to a ‘best guess’ marker. It is thought that increasing the frame rate will significantly reduce this 
error.  Future work will be concerned with developing an integrated system using both the Force Platform 
and a network of WSNs to enable long term monitoring of athletes.   
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